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Heat traensfer at high subsonic and supersonic speeds is more
complicated than at normal wvelocities because the cross-sectional
temperature distribution is not usually fully developed. The centrel
core of gas is of'ten unaffected by ths heat added, in contrast to one
dimensional flow calculations which assume the heat to be spread over
the whole cross section. Experiments ere described using a water cooled
convorgent divergent nozzle of smooth continuous profile through which
hot gases at 865°C wore passed and the heat transfer measured at different
positions aleng the divergent portion, at Mach numbers up to 1.75. The
results arc very consistent when plotted in terms of the length Reynolds
nunber measured from the throat. Vclocity treverses at tho exit also
confimm that the boundery laycr may be assumsd to be turbuleont and to
commenco at tho throat. The hoat transfer results also agroe very well
with the formulac for turbulent flow over a flat platc at low speeds,
suggesting that such low spsod formulae may be used for supersonic flow
in nozzlos, Some tests with a strsight pipe et high subsonic spoeds
givo results somovwhat highor than the flat plate formula, dus probably
to pipe radius effects.

1. IHE PROCESS OF HEAT TRLNSFER

. ** The. transfer of heat to a gas flowing through a duct at high
. subsonic or supersonic spe¢d is more complicated then at normal
et .*¥elocit{les process because the tempsreture distribution across tho duct
P RO D se]:dom Dooomes fully devuloped. For oxample, with low speed flow in a
4 i q-stmig,ht Pipe, oxocept for entrence cffects occurring in the first few
*oan Y <didmoters, the cross-sectional velocity and tempereturc distributions
S s hagovroaghed thoir oquilibrium forms, and the heat commmicatod from the
2 ", Tyill & botwoon any two cross sections is distributod throughout the gas.
:.'.fi; mast»oaées of swpursonic flow, on the othor hand, the heat from the
'-mlla-pcrﬁtzﬁtes only & short distanco whilc the gas flowing along tho
'-;.a:eis oﬂ»tha- duct recoivos no hoat whatevor. In fact, tho centrel core
a:;.-gg.-us.m-l-ly.-ymffocted by the heat addod, or by the well friction, exocept
\ifisgliar'asi§ts oross section for flow is roducod &s the boundary layer
: o ~Evontm11y of course, with increased distanco along the tube,
a ATl ;-loyer must reech tho cxis, but before this happons the
o, o' e, ibon g *ebﬁ'wi.'ll havo had its volocity reducod by the convergence of its
. : "',I-‘bd\gfda\zﬁfsb-and wﬂl usually no longor bo supcrsonic. The hoet is therofore
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mostly conveyed to gas in tho boundary leyor moving &t lowor speods,
and tho tom 'suporsonic hoat transfer' is sorwovwhat misloeding. The
conditions asgsunod in tho usual ‘ono dimonsionsl flow' cslculations of
the offocts of sddition of hoat end friction to & suporsonic stroam arc
thorefore far from boing fulfilled in practico.

For a divergont duct of sufficicntly wide anglo, the cross-
soction of tho contrel corc incroesos dospite the thickening of tho
boundary leyer and tho Mach nuiber incrcasos accordingly, but the hoat
from the walls never roaches tho fluid flowing along tho axis.

It therofore soons meeningless to attornpt to corrolate
'supersonic' heoet transfor with low spocd rcsults by using the diamctor
Roynolds nuabor, which is cheracteristic of fully dsvoloped local flow.
Tho heat transfor, in tho fom of the Nussolt or Stenton numbor, should
be & function of the longth Roynolds nubor nmoeasured from the start of
tho boundary layer, If the temperaturc and velocity boundary layers
stort at difforent positions therc will be two such Reynolds nunabers.
The heat transfer ney possibly depend also on the initisl Mach number end
upon tho geometrical form of tho passage, In tho czso of & convergent-
divergont nowzlc oporating above tho critical preussurc retio, assuning
both boundery layors to cormenco at the throat, the Stanton number at
any position in the divorgont soction can only dopond upon the length
Roynolds nuaber moasurcd fron thu throat and tho goomotrical shape of
tho divergent scction. This will not be true, of course, if the back
pressurs is such as to causc shock waves, in which casc the retio of
back prossure to throat pressurc is & further parenetor to be taken into
eccount.

2, MEASUREMENTS OF SUPERSONIC HE.T TRANSFER

Cloarly any :ieasurcrnients of supersonic hoat transfcr riust be
corefully rclatod to tho position in tho duct ot which tho addition of
heat bogins. Provious investigations have boon nade by Keye, Keenan and
Mchdens! (1949) nnd by Johnson end ifonoghertt (1949). Tho former used &
constant dienotor pipo fod fron & convorgent-divergent nozzle, and
obtained vory widely scettered results which they attributed to transition
offects in tho boundary layor; difficultics worc oxporiencod in gotting
a snooth Joint betvcon the untry duct and the tubce Johnson end
Monaghan stertcd out with the idea of using a vory thin sherp odged flet
plate insorted in a suporsonic strean, but found this impracticable owing
to tho difficulty in constructing a suitablc hoatoer inside tho platc, end
finelly vworked with tho hcated flat plate inserted in the wall of a supersonic
tunncl. Thoy attorpted to start o new boundary layer at the upstroan edgo of
the plete by sucking avay the ontry boundary layor through & slot Just shead
of tho plato. This was reesonably successful and thoy obtained rosults in
quitoc good agrecront with low vulocity formulee for flat plate heat transfor.
The prosent investigetions wore startod in 1948 in order to obtain as
scocuratcly as possible a w0asurstent of supersonic heat transfor up to a
ilach numbar of 41.75 with as 1ittlo uncortainty os possible about the
snioothness of the surface et the point vhoro tho fluid first mects the heated
surface. For this purposo it wes docidod to use a couplote convergent-
divergont nozzlo, divided into suctions longitudinelly for the purpose of
soparato hoat flow nocasurcuents, but gotting es nearly as possible perfact
fits betwoen the sections by boring out & tapor hole and rcaning tho tepor
hole with 211 thc scetions boltod up so as to got & suooth continuous profilo.

»
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Tho use of an actual nozzlo is also of direoct practical interecst
on account of ita cormon uso. It was also decidod to use hot combustion
gases at some 865°C and to water cool the nozzle. This avoided moisture
condensation troubles vhich occur when atmospheric air is employoed and
provided a much simplor method of supplying and ramoving the heat than is
the caso when the oxporimont is dono by clectrically hoeting & tubo through
whigh c0ld air is passeds Also the use of fairly large teuperature
differsncos botweon the gas and the walls onabled niore accurate measurenent
of the tenperature differenco, although it introduced a slight uncertainty
in the values assunied for the viscosity of the ges when caloulating the
Reynolds numbor.

3. DESCRIPTION OF APPARATUS

Fige.1 shows the goneral leycut of tho apparetus. Air fron
a compressor was passed through a venturi, 4, for flow neasuremont and
entered a spocially dosigned combustion chamber, B, in which kerosene
wes burnt to raise the finel tempercture to cbout 865°Cs The gases
then passed through an approach duct, C, and finelly entered the nozzle,
D, fron which they passed into an oxhaust duct, Fs The tonperature of
tho gases was nessured just beforc entering tho nozzle by means of the
suction thormocouple, F. The static pressure was mecasurcd in the approach
duct.

The divergent section of thc nogzzle was built up in four parts
bolted together through flangss, one on cach section, the bolts being
staggered so as to pull togothor each pair of adjacent flanges.

The nozzle could be operated vwith onc, two, threse or four
soctions in position, the exhaust section, which was vater cooled and
refractory lincd in a siniler vay to the approach duct, being arrsnged to
slide axially to agcaxwdste different lengths of nozzle. The exhaust
section also carried & trav.rsing thermiocouple and Pitot tube by which
distributions of terperature end volocity at the nozzle oxit could be
detcminod.

The heat transfor to cach nozzle section vas deduced by
measuring the tempercturc in the actal at two diffurent dopths, helf an
inch epart, the themel conductivity of the mctal having been specially
noasured. Sidoways trensfer of heat botween different sections was
prevonted by an air gep 0.075" wide narrowing to 0,006" at the bore of the
nozzle. The nozzle was kapt cool by narrow axisl woter pesseges drilled in
each section. It wos not found prectical to nocasure the heat transfer by
moans of the rise of tompereturc of the cooling weter through each section

owing to the possibility of the water in one section picking up heat by
conduction through tho metal frou the noxt section. Also to obtain a
reasonable wator terperaturo rise, low velocitics of the order of 4 ft/sec.
would bo noocessary and tho flow thus would be leninar and tend to cause
orrors in tompernture moesurcmont owing to lack of mixinge A rough oversll
chock of the heat trenafor to the whola nozzle could howevor be made. It
wes elso obviously impossible to dosduce the hoat transfor by measuring
the tomporsture of tho gas at difforent points along the nozzlo passago
sinco this would have involved interforing with the supersonic flow.

4. FURTHER DETAILS OF APPARATUS

The Coribystion Syston

The combustion systom (Fig.2) consisted of an upstrean injection
swirling conical sproy by vwhich the fusl was thrown into an anmilar vortex
gonorated by the eir entoring through inclined holes into the flamo tube.

Spill/
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Spill control burners wore used for good atomisation and oxtra water

cooling over the rear end of tho burner head was found to bo nocessary. Since
the air flow was only fron 0,01 - 0,15 1lbs/scc., the combustion chambor

was nuch smaller than any conventional dosigns and had to be specially
doveloped.

The Nozzle

The four sections of tho nozzle were cach bored out to a
taper hole, tho throet of the nozzle being epproxinately half way along
the first section. Tho suooth profile was obteaincd by reening with a
long teper pin roamer with all tho scctions boltod upe The last soction
vwas spiggoted into a syndeno bush which was soalod into the exhaust
section thus providing themal insulation from the oxhaust scotion.
Similerly the approach entry riece was insulated fron the well by a disc
of eyndeno and water prevented from coriing into contact with the mounting
with a split piece of syndsno, the inside of which had the same shape as
the nozzle entry. The noszle was provided with twelve static pressure
holes and each section had six thermocouples, threc at cach depth. All
the pressure and thumocouple conncctions were brought out through the
ring of water cooling holes by means of radiel drilling at points whereo
3 of the 60 equally spaced water holes had been loft undrilled. To
overcome the difficulty of drilling the 0,031" dianetcor static pressure
holos to such & great depth from the outsido, inserts wore used so that
the holes could be drilled fraa the inside onds of tho insorts to break
into the 0,0625" diameter holes drillad frem the othor cnds The inserts
wore fitted bofore the main pgas passage was bored out so as to obtain a
flush fit,.

The wator scals between the nozzle scctions to prewvent the
cooling weter from leeking cithor into tho air gaps botwoon the sections
or to the ocutside of the nozzle, wore arranged so thet metel to notal
contact wes elways obtained betwoen adjacent nozzle sections. Sealing
rings of outsize thickness werc f'itted initially and wore roduced to size
by successive baking and reasseubly in a furnaco before the final rcaming
wag carried out. Tho naterizl used vms Sllastic, a rubbor likc substance
which retains its resiliencu at high tomperaturos.

Thermocouples

The fincl design of thormocouple for moasurcnont of nozzle
motel temperature is shown in Fig.3. The two ends of tho 0.013" nickel-
chrome and constanton wires were pressed scparately into contact with the
flat bottom of the holec drillcd in the nozzle by noans of a thin metal
disc end a spring loeded syndano cylinder. In this way good contact was
obtained and the themjunction was loocated procisely at the bottom of tho
hole. The themocouple for rwesuring oxhaust gas torporature consisted
of & stainless steel hypodermic tubs, tip wolded to aluuel wire 0.004"
diameter passing down the tube and insulatod by small quarts tubes. 4
suction thermocouple wes also uysed as o chock test for absolute gas
temperature moasuremsnt.

5. CALCULATION OF RESULTS

Tho heat transfer to cach socction was obtainod diroctly from
the meesured tomperature sradioent in the nozzle wall and the normal
logerithmic conduction formula, and was basod on the intornal surface
arce of tho holo in each soction.

1t/
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It has now been fairly wwell esteblished vxperinentally end
thooretically that the heat tronsfer for high spoud flov; is proportionnl
to the differcnce betwueon the actuwrl vall tupoerature Ty and tho
adiasbstic vell tomporcture Tygn, &8s givon by the oxprossion for thu

T > - T
recovury fuctor r = st whore Ty is tho total tonporaturo of

T =T
tho gas stroen, T its $ruo toperature, and r 1is about 0,88, 1In
tho prusont oxporinonts, owing to tho biz tunporcture difforcnce botwoon
tho wall and fluid, littlo orror is introduccd by taking To instoed of
Tvas Tho wall touporature T, wvwas deducud by oxtrepolating fron tho
noesured nozzlo wall tomporaturcse. The Stanton nuibor H/KPG ws thus
calculatod, knowing tho totel ness flow and the cross scctional arca of
the hole, teken ot tho nid~noint of caech soction.

Tho Roymolds nuibor /¢ was also caleulated from tho known
ness flow por unit arce ¢t the 1id point of oach section, tho viscosity
being takon et tho totel tomporature of the streoems The veriation of G
along tho longth of the nozzle accounted for epproxinetoly 409 chenso in
tho Raynolds number botwoon the first cnd last soction, as compered with
60055 changs due to tho variation of L.

6. ROSULTS

Fiel shows the noasured static prossure at diffeorent positions
along the nozzlees The total pressurc and total temperaturc of the contral
core of pes wore assuacd constont, at their nmocsured upstroen valucs, and
henco tho veluss of Po/P and M given in the figurc worc deduced by tho
usual isentropic ono dinonsionel flow formwulac, using the apyropriato
velues of ¥ for the combustion gesuse The results in Fig.l ero,
howevor, not uscd in the calculat.on and corrvletion of the heut trensfer
results, and are necded only in ordor to show tho variation in llach nuubor
along the nozzla.

Teblo 1 gives thoe hoat transfor roesults, vhich have boon
plotted in Fig,5 usinc the Reynolds nuwibor basod on the distenco, L,
fronm tho throat. The usrocrnient between thu rusults for the four soctions
is ruucrkably good, end eppcars tc show thet the boundery laycr nay bo
t¢sswacd to bugin approxinetely ¢t tho throat, as was also inforroed fron
wolocity traverscs ncntionod latcr.

It is also scon fron Iize5 that tho rusults it almost poerfuctly
0.0285
with the formule St = === for low volocity flow past a flat plate

with the boundsry layor turbulont™fe, It is thoroforc concluded thet for
tho divergent nozzle usod in the cxperinents tho hoat transfor is tho sano
as for low spood flow over a flat surfeco with the boundary leyer turbuloent
and starting ot the throat. ’

In Fig.5 the teupceraturs diffurence betvoon wall end fluid has boen
bascd on the stroan totel tunporsture, asswiod constent along the nozzle
end oqual to the upstroan tonporaturv beforu ontry to the conwvergont soction.
For comparison purposos, tho sewo results have buon plotted in Fis.6
cssuaing tho strean totel temporature w fall along thoe nozzlo longth owing
to hoat remowwd, in accordance with the usuel one~Adinensional flow nethod
of calculation., It will bo scun thet the corrclation is distinctly less
good than in Fige5.

Volocity/



e e

-6~

Volocity and Temperature Traverses

Pig.8 shows the distribution of velocity and temperature et
tho ond of the lest soction, as measurcd by trevorsing Pitot tube and
thormocouple., As would bo expected for & gas, the velocity and
tomporature distributions arc the seme, tho thicknoss of the boundary
layor being about 0,120 inches. Calculation using the formula

0.37L
= -y for & turbulent flat plate boundary layor, gives 0.126 inches,
Ro*/s
which ropresents vory good agreenent, end agein confirms the assumption
thet tho turbulent boundary layer may bo taken as sterting approximately
at tho throat. Tho error csused by neglocting the thickness (0.009") of
tho laninar layor at the point of transition is smalle

It is realised thet the usc of flat plate formula for heat
transfor and boundary laysr growth for a circular pipe is not strictly
corrocte It would be possible to use the boundary layer equetions to
nako calculations for the actual divergent nozzle used, but preliminary
invostigations show that the departure from flat plate conditions 1s
within tho linits of experimental error. For a nozzle of smeller anglo of
divorgencse, or for e straight pipe, howevor, tho orror ray be approciablo,
as shown by Latzkos. Undor the conditions of tho Kayo, Koonan and llcAdans
oxporinients, for exaplo, tho offocts of tho pipe diametor may not be
negligible.

Subsgonic Heat Transfur

Sone experitients with a streight pipe in plece of the divurgent
soction of the nozzle were slso carried out, tho straight scction being
dividod into four oquel lengths and thoe swic tochnique used as with the
divergont nozzle. The results arc shown in Teble 2 and Fig.7, and src of
courso all for subsonic spucdse The points for the sections ncarost tho
throat egros closcly with the flet pleto low spocd formaula, but thore is
& progressive doviation for thc positions furthor along the nozzlo. The
probeblc oxplenation is the cecelurntion of the core of fluid caused by
tho thickoning boundary laycre

BIBLIOGEAPHY

1. Xayo, Koonmon and leidens., 'loesurcuonts of friction coofficionts,
recovory factors and hoat trensfor cocfficients for supersonic
flow of air in e pipe's Heat Transfor & Fluid llochanics Inst.,
3orkeloy, Col., 1943, p.147.

2. Huible, Lowdomilk ond Grole. ‘'Heat trunsfor coofficients end
friction factors for air flowing in a tube at high surfaco
tcrperaturcs's Hoat 'Transfor & Fluid Mochenies Inst.,
Berkoloy, Cel., 1949, p.165.

3. Core, Ve F. 'Hoot tzensfor ot high speods's Proc.VII International
Cencress of Applied Mochanices, 3,120, 1948.

L, Joknson and llonashane, ‘licssurouent of hoat trensfer and skin
riction at suporsonic spoeds's R.A.E. Tochs Noto 1994, 1949.
5. Letzko, He 'Zoitschr. f. angow. Math. u. Moch.1, 268; 1921,

NOMENCLA TURE/



NOMENCLATURE

Boundary layor thickness

lass flow per unit arvae

Hoat transfor coofficient, C.H.U./hr.ft* °C.
Specific heat at constant pressuro

Longth, measured from nozzle throat

Mach nuabor

'dE:t:‘.dN:!:oo»

Static pressure

Py Total prossurc

q Conduction hoat flow in nozzlo section. (C.H.U./Sec.)
r Rocovery factor

Rop, Roynolds nwbor, G/H

St Stanton nuber, H/KPG

o Total termperature, °C

Ty  Well temperature, °C

Twe Ahdiabatic well teupereture, ©°C

T Static temperature of gas, °C

u Viscosity

TARLE 1./ -
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TABLE 1

SUFELSONIC HUAT TRANSFER RESULTS

Gas total teuporaturc, T,

constant at 865°C

i o
lIgtm Sect. | -
0. No. q T H Nu 5t , Rer, x 10
1 1 0,583 205 343 2148 0.,00256 20,9
2 Oulili3 160 230 179 0400195 56.5
3 0.403 142 192 161 0.,00185 83
L 0.36. 127 159 144 0.00173 10540
2 1 0.526 189 302 218 0,00255 18.5
2 0.400 147 20l 159 0.00195 L9.8
3 0.380 135 179 151 0,00195 7348
L 0.331 117 143 130 0.,00175 92.8
3 1 O L8 176 273 198 0.,00265 1642
2 0.38L 142 195 153 0,00214 43¢5
3 0.356 127 166 140 0.00208 6liels
L 04304 109 130 119 0.0018%4 8143
2 0.345 129 172 135 0.00211 | 38.9
3 0.297 111 135 114 0.00190 57.7
L 0.281 100 119 109 0.00188 72,7
5 1 0.405 151 220 159 0.00262 1342
2 0.323 124 159 124 0.00215 3545
3 0.295 1¢8 134 113 0.00206 5245
L 0.263 95 110 101 0.00192 6642
6 1 0.386 1 208 151 0.00274h | 1149
2 0429k 113 143 112 0,00226 ' 30.3
3 0.274 101 122 104 0.00220 | 45.0
L 0.249 91 104 96 0.00211 | 56.8
7 1 0.333 | 128 | 176 | 128 | 0.00270 .  10.1
2 0,268 10k 129 101 0,00225 27.4
3 0.249 Sl 111 9L, 0400221 40,8
L 0.227 85 9k 87 0.00211 | 51.4
8 1 04318 122 166 121 0.,0028) i 9.2
2 0.257 104 123 97 0.00238 24.8
3 0.235 90 104 | 89 0,00230 | 36,9
I 0e22 8l 93 : 86 0.00231 J 46.6
5 -
9 | 1 0.538 | 198 | 313 | 225 | 0.00210 |  23.2
2 0.459 168 241 187 0.,00183 | 62.3
3 Ouliils 149 199 166 0,00172 . 92.5
i L 0.382 135 169 152 0,00166 |  115.0
e L 1
10 | 1 0.635 222 384 276 . 0.00233 l 25.7
; 2 0.478 173 253 l 196 0,00173 | 69.1
C ko ouzy | A8 193 | 47% | 0.00169 |  128.8

TABLE 2./
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TABLE 2

SUBSONIC HEAT TRANSFER RESULTS

Run Soct, ! 5
No. No. q % - % ; H Nu St Rey, x 107
1 1 04410 716 223 | 161 | 0,00263 13.2
2 04359 730 191 137 | 0.00226 39.6
3 04346 735 183 | 132 | 0.,00216 6640
L 0.323 743 169 | 122 | 0.00200 9244
12 1 04350 7L 183 | 131 | 0.00279 1041
2 0.310 755 160 | 115 | 0.00244 3044
3 0302 758 155 | 411 | 0.00236 50.7
L 0.29%4 762 150 | 107 | 0.00229 71.0
13 1 0.289 762 147 | 106 | 0400290 8.0
2 0.257 771 129 + 93 | 0.00255 2347
3 0.249 77k 125 90 | 0.00246 39.6
L 04235 779 117 84, | 0,00230 55l
1 1 0.210 771 106 77 | 0400266 6.3
2 0.210 774 106 77 | 0.00266 1849
3 04210 772 106 77 | 0.00266 31eb
L 0.203 77k 102 74 | 0.00256 AN
15 1 0.223 815 106 | 75 | 0.00305 5.3
2 0.199 822 94 | 66 | 0,00270 1640
3 0.195 82k | 92 | 65 | 0,0026 2646
L 0.195 825 92 | 65 | 0,0026L | 37.3
JDS.
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